ABSTRACT A monoclonal IgM antibody (18-2-3) derived from cell fusion of (NZB x NZW) F1 splenocytes following secondary immunization with fluorescein-conjugated keyhole limpet hemocyanin was shown to exhibit high intrinsic binding affinity and cryoinsolubility. Affinity-purified preparations were determined to be IgM by immunochemical, electrophoretic, and chromatographic analyses. An intrinsic association constant (Ka) of 2.9 x 1010 M-' (at 20C) was measured by first-order dissociation-rate analysis. Antibody solubility at low concentration (=50 jig/ml) was shown, by absorption spectroscopy, to be temperature dependent between 40C and 320C. Insolubility at low temperature (40C) was reversible in the presence of homologous fluorescyl hapten, indicative of active site involvement in the mechanism of cryoglobulin-18-2-3 complex formation. Characteristics of clone 18-2-3 are discussed in terms of (i) its potential use as a model for examining the mechanism of cryoprecipitation and (ii) (4, 5) . Thus, it has been suggested that displacement of IgM by predominantly IgG-producing B cells during antigendriven clonal expansion may temporally limit the extent to which somatic diversification mechanisms act on IgM germ-line variable gene segments (6). However, the molecular and cellular bases involved in the coordination of Ig class switching and variable region somatic variation remain undefined.
analysis. Antibody solubility at low concentration (=50 jig/ml) was shown, by absorption spectroscopy, to be temperature dependent between 40C and 320C. Insolubility at low temperature (40C) was reversible in the presence of homologous fluorescyl hapten, indicative of active site involvement in the mechanism of cryoglobulin-18-2-3 complex formation. Characteristics of clone 18-2-3 are discussed in terms of (i) its potential use as a model for examining the mechanism of cryoprecipitation and (ii) the proposed relationship between affinity maturation and the IgM to IgG class switch.
A functional characteristic of the humoral immune response to repeated challenge with certain antigens is a temporal increase in the average intrinsic association constant (Ka) of specific antibody (1, 2) . Quantitative measurement of the relative affinities of IgG and IgM antibodies elicited to T-dependent haptencarrier systems have indicated that the process of affinity maturation is largely restricted to the IgG class (3) . In what may be a related finding, amino acid and DNA sequence analyses of immunoglobulin heavy chain variable regions from phosphorylcholine binding antibodies have shown extensive IgG heavy chain variable region diversity relative to their IgM counterparts (4, 5) . Thus, it has been suggested that displacement of IgM by predominantly IgG-producing B cells during antigendriven clonal expansion may temporally limit the extent to which somatic diversification mechanisms act on IgM germ-line variable gene segments (6) . However, the molecular and cellular bases involved in the coordination of Ig class switching and variable region somatic variation remain undefined.
To approach various questions concerning the structural and functional correlates of antibody affinity maturation and diversity, the fluorescein hapten system has been used in the examination of both heterogeneous and homogeneous antibodies. Fluorescein-protein conjugates elicit an immune response in rabbits (7, 8) and BALB/c mice (9) that exhibits significant timedependent maturation of antibody affinity. Nine monoclonal IgG antibodies derived from a secondary BALB/c response collectively exhibited an extensive range of affinities (Ka = 106 to 1010 M-') and diverse binding mechanisms for the fluorescyl ligand (10, 11) . By contrast, in the antifluorescyl response of New Zealand Black (NZB) mice, a strain that develops autoantibodies cytotoxic for T suppressor cells at an early age (12, 13) , affinity maturation appears to occur more rapidly within the primary response (9) .
In the present study, characterization of a monoclonal IgM antifluorescyl antibody derived from (NZB x NZW) F1 hyperimmune splenocytes is described. IgM clone 18-2-3 is atypical, relative to previously characterized antihapten monoclonal IgM antibodies, with respect to two functional properties: (i) it exhibits a cryoglobulin-like temperature-dependent insolubility that is inhibited on fluorescyl ligand binding and (ii) it has an intrinsic association constant for fluorescein of 2.9 x 1010 M-1.
MATERIAL AND METHODS
Immunizations. Fluorescein isothiocyanate (isomer I) was covalently conjugated to keyhole limpet hemocyanin (KLH) as described (14) . Male (NZB X NZW) F1 mice obtained from our breeding colonies were immunized intraperitoneally with 200 ,g of the conjugate emulsified in complete Freund's adjuvant (day 0). Splenic lymphocytes were harvested for cell fusion on the fourth day following secondary immunization (day 21).
Cell Lines and Fusions. Hybridomas were produced by polyethylene glycol fusion of the Sp 2/0-Ag 14 myeloma cell line with immune splenocytes, followed by hypoxanthine/aminopterin/thymidine selection, and cloning in 0.2% agar (15) . Antifluorescein-secreting hybrids were detected by a liquidphase radioimmunoassay as described (10) and propagated in pristane-primed BALB/c mice to induce ascites fluid. Monoclonal antifluorescyl antibodies (4-4-20, 4-6-9, 4-6-10, and 16-19-1) from BALB/c-derived hybridoma cell lines have been described in detail elsewhere (10, 11) .
Antibody Purification. Lipoproteins were removed from BALB/c ascites fluids by sodium dextran sulfate precipitation and the gamma globulin fraction was obtained by precipitation with 50% saturated ammonium sulfate. Antifluorescyl antibodies were affinity purified from the gamma globulin fraction by immunoadsorption on fluorescein-Sepharose 4B and subsequent elution of specific antibody in the presence of 0.1 M disodium fluorescein (8) . Unbound dianionic fluorescein was removed by anion exchange chromatography on Dowex 1-X8 and eluted antibodies were monitored for absorbance at 278 and 500 nm to determine the relative concentrations of protein and bound fluorescein, respectively.
Electrophoresis.NaDodSO4/polyacrylamide gel electrophoresis was carried out using a 12% acrylamide gel in the discontinuous NaDodSO4 buffer system of Laemmli (16) (11) . Samples were excited at 480 nm and fluorescence was monitored through a 500-nm cutoff filter (Corning 3-69) at 535 nm in an AmincoBowman spectrophotofluorometer equipped with a Heath recorder (model EVW-20A) and Forma Scientific controlled-temperature bath and circulator.
Previous studies have shown that involvement of hydrogen bonding in fluorescein binding and quenching can be evaluated by determining the relative quenching in 2H20 and in H20 (19, 20) . The fluorescence of antibody-bound fluorescein in 2H20 and H20 was compared by adding 50 Al of affinity-purified antibody (7.2 t&M active sites) containing bound fluorescyl ligand (5.4 ,uM) to a mixture of 920 ,ul of 2H20 or H20 and 30 ,l of 2 M Tris HCl (pH 8.0) (11) . Samples were incubated for 3 hr at room temperature and the fluorescence was monitored as described above.
Dissociation Rates and Derived Association Constants. Dissociation rates of fluorescein bound to antifluorescyl antibodies were determined as described (19) . One hundred microliters of affinity-purified antibody (1.4 ,uM sites) containing 1 ,M fluorescein in 50 mM KPO4 (pH 8.0) was placed in a cuvette at 2°C and then 1 ml of 1 ,M 5-aminofluorescein was added. Fluorescence intensity was monitored over time under the conditions described above. Because 5-aminofluorescein has a comparatively low quantum yield (0.003 compared with 0.92 for fluorescein), yet binds antifluorescyl antibodies with the same affinity as fluorescein (21) , an increase in fluorescence due to dissociation of previously quenched bound ligand is observed. Fluorescence dissociation data were analyzed and plotted by first-order kinetics using Eq. 1 (19) (10) . Values for the intrinsic association constant were determined by analyses of first-order dissociation rates of 
20.
where Ab is antibody concentration, k1 = 5 X 106 M-'s-' at pH 8.0 for most antifluorescyl antibodies (11) , and k2 was measured as described above.
Cryoglobulin Studies. (11) .
Cryoglobulin Properties. During the course of these studies, it was observed that 18-2-3 gamma globulin fractions be- came markedly turbid on storage at 4°C. It was also noted that such turbidity was readily reversed by warming to 37°C. Because this phenomenon was not observed with any of nine BALB/c-derived monoclonal antifluorescyl antibodies (10), it was of interest to examine clone 18-2-3 as a potential model for the structural basis of such cryoglobulin properties. Using absorbance at 320 nm as an index of turbidity (22), we measured the degree of cryoinsolubility at different temperatures at low specific antibody concentration (-50 ,ug/ml). As shown in Fig.   3A , 18-2-3 solubility was markedly temperature sensitive between 4°C and 32°C. As indicated above, BALB/c-derived IgG monoclonal antibodies (4-6-10; Fig. 3A, and Fig. 3B , complete reversal of cryoinsolubility at low temperature (4°C) could be achieved by binding of homologous fluorescyl hapten. The latter property was consistent with our inability to detect cryoprecipitation in affinity-purified 18-2-3 preparations, which retained significant amounts of bound; ligand (-75% saturation) after anion exchange chromatography. Although these results show that the active site of 18-2-3 is involved in cold-induced insolubility, it remains to be determined whether 18-2-3 requires an additional component for cryoprecipitation or self-aggregation is involved. However, NaDodSO4/polyacrylamide gel electrophoretic patterns of gamma globulin cryoprecipitates isolated by centrifugation at 4°C (data not shown) appeared similar to affinity-purified and fluorescein-eluted 18-2-3 ( Fig. 1) , suggesting a single component IgM cryoglobulin.
DISCUSSION
A unique property of clone 18-2-3 is its temperature-dependent solubility. Absorption spectroscopy studies show that the solubility of hybridoma protein 18-2-3 decreases on temperature reduction (Fig. 3A) and cryoprecipitation at low temperature is inhibited by homologous fluorescyl ligand (Fig. 3B) , implying that the mechanism of cryoglobulin 18-2-3 precipitation involves the active site. Considering the exceptional ab- (18) , such a hybridoma protein may be uniquely suitable for analysis of various cryoglobulin physiocochemical properties, in particular the previously proposed active-site conformational changes that occur on temperature reduction (24) .
Previous affinity maturation studies examining heterogeneous IgG and IgM responses to T-dependent immunogen systems have indicated that only IgG antibodies exhibit significant time-dependent increases in affinity (for review, see ref.
3). Accordingly, nine antifluorescyl monoclonal antibodies (Ka = 1060101 M-') derived from BALB/c mice after secondary immunization (10) have been shown to be of the IgG class (IgG1 or IgG2). Using identical immunization, cell fusion, and hybridoma-screening protocols, we obtained a monoclonal IgM antibody from fusion products of hyperimmune (NZB x NZW) F1 splenocytes that possessed an exceptionally high binding affinity (Ka = 2.9 x 1010 M-1) for fluorescyl ligand. Like the NZB parent, (NZB X NZW) F1 progeny spontaneously develop thy-.mocytotoxic autoantibodies that can potentially compromise Tcell function at an early age (12, 13) . In addition, immunoglobulin expression in BALB/c and NZB mice differs significantly by several criteria: (i) the kinetics and extent of affinity maturation within the NZB primary response to fluorescyl haptenic antigen resembles the BALB/c antifluorescyl secondary response with respect to these maturation parameters (9); (ii) comparative analyses of class distribution, antigen-binding properties, and variable region amino acid sequences of BALB/ c and NZB myeloma proteins indicate that these randomly derived pools are structurally and functionally distinct (25) ; and (iii) NZB mice spontaneously express antibodies to erythrocyte and lymphocyte self-antigens (26) and exhibit a high incidence of cryoglobulin formation, particularly of the IgM class (27) . Thus, isolation of a unique high affinity 1gM antibody from a (NZB X NZW) F1 mouse may be associated with such abnormalities. Other monoclonal antihapten (nucleotide-KLH) antibodies derived from F1 mice in our laboratory have also shown a high proportion (60%) of , heavy chains (unpublished data).
It has been suggested (4-6, 28) that antibodies containing u heavy chains express variable region germ-line genes that may undergo somatic mutation in association with the class switch to y heavy chains. Such variant immunoglobulins may then exhibit higher binding affinities due to altered variable region residues. Alternative explanations for such observations are (i) the process of IgM to IgG switching causes somatic mutational events, (ii) somatic mutations of germ-line genes are temporally associated with theclass switch, or (iii) expression of somatically mutated genes leads to a switch from IgM to IgG (perhaps due to T-cell recognition of altered residues). Indirect evidence that somatic mutation may occur before class switching in the phosphorylcholine-KLH response has recently been reported (29) . If affinity maturation requires somatic mutation, as has been suggested (5), the existence of a high-affinity IgM antibody necessarily eliminates alternative i.
The ability to derive an antigen-induced cryoglobulin from (NZB X NZW) F1 hybrids may be related to the numerous immunological abnormalities noted above. Interestingly, other studies have shown that persistent challenges with streptococcal antigen can lead to cryoglobulin formation (30) . Similar to clone 18-2-3, such antigen-induced cryoglobulins appear to be components of hyperimmune responses. Hence, the etiology of abnormal solubility properties may be associated with certain events that occur during maturation of the response. As indicated above, it has been suggested that the process of affinity maturation may involve somatic mutational events that result in the production of an antibody molecule with altered binding properties (5) . A similar mechanism (i.e., mutation at framework positions) has been proposed as the molecular basis for the temperature-dependent insolubility of two human cryoglobulins (31) . Thus, it will be of importance to determine whether the high-affinity binding and cryoglobulin properties exhibited by 18-2-3 are structurally related.
